Abstract-In this paper, we pursue a unified study on energy harvesting and coordinated multi-point (CoMP) enabled wireless communication by investigating a new joint energy and communication cooperation approach. We consider a practical CoMP system with clusters of multiple-antenna base stations (BSs) each powered by hybrid power supplies (including both the conventional grid and renewable energy sources) cooperatively transmitting to multiple single-antenna mobile terminals (MTs). We propose a new design paradigm termed energy cooperation among BSs within each cluster, which share energy for more efficient cooperative transmission via injecting/drawing power to/from the grid with a zero-sum net energy transfer. We maximize the downlink sum-rate for all MTs in one particular CoMP cluster with cooperative zero-forcing precoding at BSs subject to a new type of transmit power constraints featuring energy cooperation among BSs with a given loss ratio. To jointly optimize the precoders at BSs and the amount of energy transferred among them, we propose an efficient algorithm by applying the techniques from convex optimization. By simulations, we show that the proposed joint communication and energy cooperation solution substantially improves the downlink throughput for energy harvesting CoMP systems, as compared to suboptimal designs without communication and/or energy cooperation.
the ICI to be a helpful factor for coherent communication and thereby greatly improves the cellular network throughput. In practice, since message and/or CSI sharing among BSs are limited by the capacity and latency of backhaul links, a fullscale CoMP transmission by coordinating all the BSs is difficult to implement. Therefore, clustered CoMP transmission is practically more favorable, where the BSs are partitioned into different clusters with CoMP transmission performed only within each cluster [8] , [9] .
In this paper, we pursue a unified study on energy harvesting and CoMP enabled cellular networks by considering the downlink CoMP transmission powered by hybrid sources including both the conventional grid and renewable energy (wind and/or solar at each BS), as shown in Fig. 1 . We assume that each BS draws a constant power from the conventional grid all the time at a fixed electricity cost. In addition, each BS is equipped with one or more energy harvesting devices to replenish energy. In practice, the harvested wind/solar energy rate at different BSs varies in both time and location. As a result, the cooperative transmission gain by CoMP will be limited by BSs with less available harvested power for transmission. To overcome this issue, in this paper we propose a new energy cooperation paradigm for renewable powered CoMP systems. We consider a clustered CoMP system, in which each cluster consists of a group of multiple-antenna BSs cooperatively transmitting to multiple single-antenna mobile terminals (MTs) by applying a joint zero-forcing (ZF) based precoding [10] . Besides communication cooperation, we de-sign energy cooperation among the BSs in each cluster, which share their individually harvested energy with each other for cooperative transmission. Practically, energy cooperation can be implemented by the cellular network operator via signing a contract with the grid operator, such that BSs can exchange energy via the existing grid infrastructure. Since the grid can be considered as an energy reservoir with ideally infinite capacity to enable two-way energy transfer with distributed BSs, the BSs within each cluster can exchange energy via the grid by locally injecting/drawing power to/from the grid without disturbing the total load in the grid provided that the sum-energy drawn from the grid by all BSs equals to that effectively injected to it.
It is worth noting some related works recently reported in the literature on communication and/or energy cooperation in energy harvesting wireless communication [11] [12] [13] [14] . In [11] , delay-optimal transmission strategies were investigated for energy harvesting CoMP systems. In [12] , the throughputoptimal transmission policy was derived in a Gaussian relay channel with the source and relay powered by separate energy harvesting sources. In [13] , energy cooperation via power lines was introduced in a simplified cellular network with two BSs. In [14] , another form of energy cooperation using wireless energy transfer was investigated for cooperative communication.
In this paper, we aim to design a new joint energy and communication cooperation framework by jointly optimizing the cooperative ZF transmission at BSs and the amount of transferred energy among them in one single CoMP cluster to maximize the sum-rate to all MTs, subject to a new type of transmit power constraints at different BSs featuring their energy cooperation in practice with a given loss ratio. We propose an efficient algorithm to solve the proposed problem by applying the techniques from convex optimization. By simulations, we show that the proposed joint communication and energy cooperation solution substantially improves the downlink throughput in energy harvesting CoMP systems, as compared to the suboptimal designs without communication and/or energy cooperation.
II. SYSTEM MODEL AND PROBLEM FORMULATION
We consider a practical clustered CoMP system by focusing on one single cluster, in which N BSs each equipped with M antennas cooperatively send independent messages to K single-antenna MTs. The BSs are assumed to be powered by the conventional grid as well as one or both of solar and wind energy sources. Assuming that users' transmission scheduling has been separately designed, for the purpose of exposition, in this paper we consider that the number of active MTs in each cluster at one given time/frequency channel is equal to the total number of transmitting antennas at all N BSs, i.e., K = N M . For convenience, we denote the set of MTs and that of BSs as K = {1, . . . , K} and N = {1, . . . , N}, respectively, with k, l indicating MT index and i, j for BS index. Within each cluster, it is assumed that all the BSs can perfectly share their data (including both the transmit messages and CSI) via highcapacity low-latency backhaul links, similarly as in [8] [9] [10] . It is also assumed that BSs in each cluster can share energy with each other by locally injecting/drawing power to/from the grid. Thanks to the data and energy sharing, both communication and energy cooperation are enabled among N BSs.
We assume quasi-static time-slotted models for both renewable energy and wireless channels, where the energy harvesting rates and the channel coefficients remain constant in each slot and may change from one slot to another. For convenience, the slot duration is normalized to unity unless otherwise specified; thus, energy and power will be used interchangeably in this paper. 1 As depicted in Fig. 2 , the energy management at each BS is described as follows. At each slot n, let the energy harvesting rate at BS i, i ∈ N , be denoted by RE i [n] ≥ 0, and the constant power drawn from the conventional grid denoted by G ≥ 0. Thus, the total available power at slot n for BS i is RE i [n] + G. In cellular networks, the power consumption of each BS is typically divided into two major parts: transmission power due to power amplifiers (PAs), and non-transmission power due to other components such as air conditioner, data processor, circuits, etc., which is generally modelled as a constant power, P C . In order to maintain reliable operation of BSs, the constant power drawn from the grid at each BS should be no smaller than P C , i.e., G ≥ P C . To focus our study on energy cooperation among BSs within each slot and motivated by the fact that energy storage devices are practically costly to deploy, it is assumed in this paper that there is no energy storage at BSs for simplicity. Accordingly, the available transmission power for BS i at slot n is given by (without considering energy cooperation among BSs)
Note that at this stage of research, the optimal architecture to integrate renewable energy to power cellular BSs is unknown and there are various different models in the literature (see e.g. [15] ). The proposed architecture in Fig. 2 provides only one possible practical design. Next, we consider energy cooperation among BSs. Denote the transferred energy from BS i to BS j at slot n as e ij [n] ≥ 0, i, j ∈ N, i = j. Practically, this can be implemented if BS i effectively injects power e ij [n] to the grid and at the same time BS j draws power e ij [n] from the grid. 2 In practice, there is certain loss when each BS injects power to the grid. For simplicity, in this paper a linear loss proportional to the injected power is assumed, which is specified by a constant energy transfer efficiency factor β, with 0 < β < 1. For convenience of analysis, we also consider the case of β = 0, which occurs when no energy transfer among BSs is implemented, as well as the case of β = 1 for the ideal case of no energy transfer loss from each BS to the grid. Thus, the available transmit power of BS i in slot n, denoted by P i [n], should satisfy the following constraint after incorporating BSs' energy cooperation:
where 0 < η ≤ 1 is the PA efficiency. Since η is a constant, we assume η = 1 in the sequel for convenience. Note that the power constraint in (2) is independent over n; thus, we remove the slot index n in the rest of this paper for brevity, unless mentioned otherwise. It is worth noting from (2) that the total power injected to the grid by all BSs is β i∈N j∈N ,j =i e ij [n], which is equal to that drawn from the grid by all BSs i∈N j∈N ,j =i βe ji [n] . Therefore, the proposed energy cooperation among BSs will not change the aggregate power load in the grid.
We denote the channel vector from BS i to MT k as h ik ∈ C 1×M , i ∈ N , k ∈ K, and the channel vector from all N BSs in one particular cluster to MT k as
It is assumed that the channel vector h k 's are independently drawn from a continuous distribution. Since we consider cooperative transmission by N BSs, the downlink channel in each cluster can be modelled as a K-user multipleinput single-output broadcast channel (MISO-BC) with a total number of K = M N transmitting antennas from all N BSs. We assume cooperative ZF precoding at BSs [10] , while other precoding schemes can also be considered similarly. Let the information signal for MT k ∈ K be denoted by s k and its associated precoding vector across N BSs denoted by t k ∈ C MN×1 . Accordingly, the transmitted signal for MT k can be expressed as x k = t k s k .Thus, the received signal at MT k is given by
where h k t k s k is the desired signal for MT k, l∈K,l =k h k t l s l is the inter-user interference within the cluster, and v k denotes the background additive white Gaussian noise (AWGN) at MT k, which is assumed to be of zero mean and variance σ random variables with zero mean and unit variance. Thus, the covariance matrix of the transmitted signal for MT k can be expressed as
, where E(·) denotes the statistical expectation and the subscript H represents the conjugate transpose. Accordingly, the transmit power at BS i can be expressed as [10] 
where tr(X) denotes the trace of a matrix X, and
Since cooperative ZF precoding is employed, the inter-user interference in each cluster will be completely removed. Thus, the precoding vectors should satisfy h k t l = 0, or equivalently
. Under the above ZF constraints, we aim to maximize the sum-rate throughput (in bps/Hz) to all K MTs by jointly optimizing the transmit covariances {S k } at all N BSs, as well as their exchanged energy {e ij }. Accordingly, the problem is formulated as (P1) :
where X 0 denotes that X is positive semi-definite.
III. OPTIMAL SOLUTION
In this section, we solve problem (P1) for the general case of 0 ≤ β ≤ 1 to obtain the optimal precoder and power allocation solution for joint energy and communication cooperation. First, we remove the ZF constraints in (P1) as
As a result, the optimal transmit covariance matrices for problem (P1) can be expressed as
where p k ≥ 0, ∀k ∈ K.
Globecom
∀i ∈ N (13)
It can be verified that (P2) is a convex problem, since the objective function is concave over p k 's and all the constraints are affine. Thus, the Lagrange duality method can be applied to solve this problem optimally [16] . Let μ i ≥ 0, i ∈ N , be the dual variable associated with each of the N power constraints of problem (P2) given in (13) . Then the Lagrangian of problem (P2) can be expressed as
Accordingly, the dual function is given by
Thus, the dual problem is defined as
Since (P2) is convex and satisfies the Salter's condition, strong duality holds between (P2) and its dual problem (P2D) [16] . Thus, we can solve (P2) by solving its dual problem (P2D) equivalently. To solve (P2D), in the following we first solve problem (16) to obtain f ({μ i }) with a given set of μ i ≥ 0, i ∈ N , and then search over
We first give the following lemma. Lemma 3.1: In order for f ({μ i }) to be bounded from above, we have that:
1) At least one of μ i , ∀i ∈ N , must be strictly positive; 2) βμ j − μ i ≤ 0, ∀i, j ∈ N , i = j, must be true. Proof: Please refer to the journal version of this paper [18] .
According to Lemma 3.1, we only need to solve problem (16) with given {μ i } satisfying μ i ≥ 0, ∀i ∈ N (but not all equal to zero), and βμ j − μ i ≤ 0, ∀i, j ∈ N, i = j, since otherwise f ({μ i }) will be unbounded from above and thus need not to be considered for the minimization problem in 3 Since it is assumed that the channel vector h k 's are independently distributed, without loss of generality we have a k > 0, b ik > 0, ∀i, k. (17) . In this case, it can be easily verified that the optimal solution to problem (16) is given by
where (x) + = max(x, 0). Combining the results in (18) and (19), we obtain f ({μ i }) with given {μ i }. Then, we solve problem (P2D) in (17) by finding the optimal {μ i } to minimize f ({μ i }).Since (P2D) is convex, a subgradient based method such as the ellipsoid method [17] can be applied, for which it can be shown that the subgradients of f ({μ i }) for given μ i are
, ∀i ∈ N, where the equality follows from (19). Therefore, the optimal solution of (P2D) can be obtained as {μ * i }. With the optimal dual solution {μ * i } at hand, the corresponding {p (18) become the optimal solution for (P2), denoted by {p * k }; accordingly, the optimal transmit covariance solutions {S * k } for (P1) can be obtained from (11) as
It remains to obtain the optimal solution of {e ij } for (P2), denoted by {e * ij }. In general, {e * ij } cannot be directly obtained from (19) with given {μ * i }, since the solution of (19) is not unique if μ * j β − μ * i = 0. Note that practically, it is not necessary for each BS i to know the exact values of e * ij 's or e * ji 's, ∀j = i, since in order to implement the energy cooperation, it suffices to know the total power that should be drawn/injected from/to the grid at each BS, i.e., the value of j∈N ,j =i βe * ji or j∈N ,j =i e * ij . In the following, we derive j∈N ,j =i βe * ji and j∈N ,j =i e * ij , ∀i ∈ N, for the case of 0 < β ≤ 1. Proof: Please refer to [18] . From Proposition 3.1 and due to the complementary slackness conditions [16] , it follows that in the case of 0 < β ≤ 1, the optimal solution of (P2) should satisfy
for any i ∈ N . In other words, the optimal solutions of (P2) and thus (P1) are always attained with all the power constraints in (13) or (8) being met with equality, i.e., the total energy available at all BSs is efficiently utilized to maximize the system sum-rate. Moreover, we have the following proposition.
= 0 in this case. 5 Note that if β = 0, then there is no energy transfer among BSs needed; thus, e * ij = e * ji = 0, ∀i, j ∈ N , i = j. 
, ∀i ∈ N, then update {μ i } accordingly based on the ellipsoid method [17] , subject to the constraints of μ i ≥ 0, ∀i ∈ N , and βμ j − μ i ≤ 0, ∀i, j ∈ N , i = j. c) Until {μ i } all converge within a prescribed accuracy. d) Set S * k = p * kṽ kṽ H k , ∀k ∈ K, based on (11). e) If β = 0, then set e * ij = 0, ∀i, j ∈ N , i = j; otherwise, determine e * ji and e * ij , ∀i, j ∈ N , i = j, from (22) and (23).
Proposition 3.2:
If 0 < β < 1, then it must hold that at least one of j∈N ,j =i βe * ji and j∈N ,j =i e * ij should be zero, ∀i ∈ N ; if β = 1, then there always exists a set of optimal solution {e * ij } such that at least one of j∈N ,j =i βe * ji and j∈N ,j =i e * ij is zero, ∀i ∈ N . Proof: Please refer to [18] . From Proposition 3.2, it is inferred that in the case of 0 < β ≤ 1, at any slot one BS should either inject power to the grid or draw power from it, but not both at the same time. Therefore, by using (21) together with Proposition 3.2 in the case of 0 < β ≤ 1, we have that
Note that by solving the above 2N equations, we can obtain the exact values of e * ij 's for (P2). In summary, one algorithm to solve (P1) for the general case of 0 ≤ β ≤ 1 is given in Table I , in which μ i = μ > 0, ∀i ∈ N , are chosen as the initial point for the ellipsoid method in order to satisfy the constraints of βμ j −μ i ≤ 0, ∀i, j ∈ N , i = j from Lemma 3.1.
IV. NUMERICAL EXAMPLES
In this section, we provide simulation results to evaluate the performance of our proposed joint communication and energy cooperation by considering a simple two-cell network with single-antenna BSs, i.e., M = 1, N = 2 and K = M N = 2. To focus on studying the energy cooperation gain due to the sharing of renewable energy among BSs, we assume that the energy drawn from conventional grid is equal to the constant power consumption at each BS, i.e., G = P C ; as a result, the available energy at each BS for transmission as well as sharing is solely from the harvested energy, i.e., we have E i = RE i in (1), i = 1, 2. We set σ 2 k = 1, k = 1, 2, and assume that the channels are independent and identically distributed (i.i.d.) Rayleigh fading, i.e., h ik is a CSCG random variable with zero mean and variance α 2 ik , i, k = 1, 2. We further assume α for the cross BS-MT channels. We average the sum-rates over 1000 random channel realizations.
In Fig. 3 , we consider the case when the energy arrival rates E 1 and E 2 at the two BSs are constant over time subject to a Fig. 3 . Sum-rate performance with E 1 + E 2 = 30 in a two-cell network.
given sum: E 1 + E 2 = 30. 6 We set α 2 12 = α 2 21 = 0.5, and plot the average achievable sum-rate with different values of β and E 1 . It is observed that as β increases, the sum-rate increases for any given 0 ≤ E 1 ≤ 30, which is due to the fact that larger value of β corresponds to smaller energy transfer loss. It is also observed that the sum-rate is zero when β = 0 and E 1 = 0 or 30 (or equivalently E 2 = 30 or 0). This is because that in this case, there is one BS with zero transmit power, and thus without energy sharing between the two BSs their cooperative ZF precoding is not feasible. Furthermore, with any given 0 ≤ β < 1, it is observed that the maximum sumrate is always achieved when the energy arrival rates at the two BSs are equal, i.e., E 1 = E 2 = 15. The reason is given as follows. Under the given symmetric channel setup, with equal E 1 and E 2 , the amount of transferred energy between the two BSs is minimal, and so is the energy loss in energy sharing; as a result, the total available energy for cooperative transmission is maximized, which thus yields the maximum sum-rate.
In Figs. 4 and 5, we show the sum-rate performance of the proposed optimal scheme with joint communication and energy cooperation with β > 0 as compared to three suboptimal schemes without communication and/or energy cooperation (for the case of N = 2, M = 1) given as follows:
• No energy cooperation, communication cooperation only: This scheme corresponds to β = 0 for (P1).
• No communication cooperation, energy cooperation only: In this scheme, each BS transmits to one MT over half of the total bandwidth, for which the achievable sumrate with given transmit power P 1 and P 2 is
By maximizing (24) subject to the energy constraints given in (2) with N = {1, 2}, the maximum sum-rate can be obtained for this case.
• No cooperation: When both communication and energy cooperation are not available, this scheme achieves the sum-rate given in (24) with P 1 = E 1 and P 2 = E 2 . We assume that α , where E denotes the average sum-energy harvested by both BSs. Note that the independent energy distribution may correspond to the case where the two BSs are powered by different renewable energy sources, e.g., one by solar energy and the other by wind energy. From Figs. 4 and 5, it is observed that the joint communication and (ideal) energy cooperation with β = 1 always achieves the highest sumrate, while the joint communication and (imperfect) energy cooperation with β = 0.9 achieves the sum-rate very close to that of β = 1, and outperforms the other three suboptimal schemes without communication and/or energy cooperation. This shows the throughput gain of joint communication and energy cooperation, even with a non-negligible energy transfer loss. It is also observed that with E < 6 dB, the scheme of "energy cooperation only" outperforms "communication cooperation only"; however, the opposite is true when E > 6 dB. This shows that the gain of energy cooperation is more dominant over that of communication cooperation in the low-SNR regime, but vice versa in the high-SNR regime.
V. CONCLUSION
In this paper, we have proposed a new joint communication and energy cooperation approach for cellular networks with supplementary power supplies from energy harvesting. With the newly proposed energy sharing among cooperatively transmitting BSs, we formulate a sum-rate maximization problem for the downlink CoMP transmission. By applying convex optimization techniques, we develop an efficient solution to the optimal cooperative ZF precoding and energy transfer among BSs. Furthermore, we show by simulations the potential sumrate gains via jointly exploiting communication and energy cooperation in cellular networks. It is revealed that energy cooperation is most beneficial when the harvested energy among BSs is unevenly distributed.
